ABSTRACT This study examined the effects of dietary Spirulina (Arthrospira) platensis supplementation on growth performance, antioxidant enzyme activity, nutrient digestibility, cecal microflora, excreta noxious gas emission, organ weight and breast meat quality in broiler chickens. In total, 800 Ross 308 male broiler chickens (1-d-old) were randomly divided into 5 dietary treatments with 10 replicate cages (16 birds/replicate) per treatment for 5 wk. The dietary treatments were a control basal diet without Spirulina or with 0.25, 0.5, 0.75, or 1.0% Spirulina. Body weight gain, feed conversion, and/or European production efficiency index improved linearly with supplementation of Spirulina during d 8 to 21, 22 to 35, and overall d 1 to 35 (P < 0.05). Dietary Spirulina supplementation caused a significant increase in the serum enzyme activity of superoxide dismutase and glutathione peroxidase (linear, P < 0.05). Apparent total tract digestibility of dry matter and nitrogen showed a linear increase in Spirulina supplementation (P < 0.05). Cecal Lactobacillus count linearly increased and excreta ammonia gas emission linearly decreased, as dietary Spirulina supplementation increased (P < 0.05). There were no significant effects on relative organ weight and breast meat quality of broilers fed with Spirulina diets; however, 7 d drip loss linearly decreased in treatment groups fed with Spirulina (P < 0.05). These results indicate that adding Spirulina to the diet of broilers can improve antioxidant enzyme activity, dry matter and nitrogen digestibility, cecal Lactobacillus population, excreta ammonia gas emission, and 7 d drip loss of breast meat. In addition, dietary inclusion of 1.0% Spirulina powder might provide a good alternative to improve broiler chicken production.
INTRODUCTION
Microalgae are attracting attention as the future clean energy and industrial material resources such as food, drug, cosmetics, and organic fertilizers because they can be mass-produced in a short time in various environments. In addition, Chlorella, Schizochytrium, and Spirulina are recognized as renewable substitutes for conventional protein sources (e.g., soybean meal, fish meal, rice bran) in aquaculture or animal feed because of their nutritional importance (Shields and Lupatsch, 2012) . Spirulina (Arthrospira) platensis is a filamentous blue-green microalgae (cyanobacteria) generally regarded as a rich source of high quality protein, vitamins (particularly vitamin B 12 and provitamin β-carotene), minerals, essential fatty acids, essential amino acids, pigments, and phenolic acids (Kulshreshtha et al., 2008; Bhavisha and Parula, 2010; Joventino et al., 2012) . Many research studies have shown that Spirulina has antioxidant, immunomodulatory, anti-inflammatory, antiviral, and antimicrobial activity in various experimental animals (Rasool et al., 2009; Uyisenga et al., 2010; Langers et al., 2012; AbdelDaim et al., 2013; Shokri et al., 2014) . Recently, there has been a growing interest in its application in animals for its antioxidant activity, growth-promoting role, and immunomodulatory effects. These positive effects of Spirulina in the body may ultimately lead to improved animal productivity. For example, in feeding trials with livestock animals, Spirulina has been found to increase growth rate, nutrient utilization, disease resistance, egg quality, and carcass quality in poultry, pigs, and rabbit (Al-Batshan et al., 2001; Meineri et al., 2009; Sujatha and Narahari, 2011; Evans et al., 2015) . However, present knowledge of broiler chicken response to dietary Spirulina supplementation is relatively unknown.
The purpose of this study was to investigate the effect of Spirulina microalgae as a feed ingredient source in broiler chicken diets. Feeding experiments with broiler chickens were conducted to assess nutritional physiological properties, as well as to investigate effects on growth performance.
MATERIALS AND METHODS
Experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use Committee of Dankook University (Approval No. DK-1-1642), Republic of Korea.
Animals and Housing
A total of 800 male broiler chickens (1-d-old, Ross 308) were obtained from a commercial hatchery. Broiler chickens of similar body weight (41.5 ± 0.5 g) were randomly distributed into 5 groups (160 birds in 10 cages per treatment, 16 birds/cage). Broilers were housed in a temperature-controlled room with 3 floors of stainless steel battery cages (124 cm-width × 64 cm-length × 40 cm-height), which allowed free access to feed and water during the experimental period. They were kept in a room with controlled temperature and light regimen of 22L:2D for the entire experimental period. The environmental temperature was maintained at 33
• C for the first week and then gradually reduced to 20
• C by the fifth week. Relative humidity was gradually increased from 60% (d 1 to 21) to 70% (d 22 to 35).
Diets
Broilers were fed a corn/soybean-based basal diet for 35 d divided in 3 phases: Phase 1 (d 1 to 7), Phase 2 (d 8 to 21), and Phase 3 (d 22 to 35) ( Table 1 ). The experimental diets, in mash form, were formulated to meet and exceed the nutrients requirements of NRC (1994) and Korean Feeding Standard for Poultry (2012). The dietary treatments were a control basal diet without Spirulina or with 0.25, 0.5, 0.75, or 1.0% Spirulina. A commercially available freeze-dried Spirulina powder was provided by a private company (NeoEnBiz Co., Bucheon, Republic of Korea) and supplemented to the basal diet, at the expense of soybean meal. Table 2 shows the nutrient composition of the freeze-dried Spirulina powder. 
Growth Performance
Body weight (BW) and feed intake (FI) per cage were recorded on d 7, 21, and 35, and the feed conversion ratio (FCR) was calculated based on feed intake divided by body weight gain (BWG). Mortality was recorded daily, and percentage mortality was calculated throughout the study. The European production efficiency index (EPEI) was calculated with following formula. EPEI = (BW/d × survival rate/FCR × 10).
Antioxidant Enzyme Activity Analysis
At the end of the experiment (35 d), blood samples were collected from the left wing vein into K 3 EDTA vacuum tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ), and stored at 4
• C. For serum analysis, approximately 3 mL of blood samples were centrifuged at 4,000 × g for 15 min at 4
• C, after which the serum was separated.
Antioxidant enzyme activities, superoxide dismutase (SOD), and glutathione peroxidase (GPx) in serum were measured using a commercial kit from Cayman Chemical Company (Cayman Chemical Co., Ann Arbor, MI, USA), according to the manufacturer's instructions.
Apparent Total Tract Digestibility
To determine the apparent total tract digestibility, 0.2% chromic oxide was added to the experimental diets 4 d prior to the collection period. Excreta were collected daily for the last 3 d of the experiment, and placed into a 60
• C oven for 72 h. After drying, excreta were pulverized to pass through a 1-mm screen, and dry matter and nitrogen in diets and excreta were analyzed (methods 934.01 and 968.06; AOAC, 2000) . Chromium concentration was determined by atomic absorption spectrophotometry (UV-1201, Shimadzu, Kyoto, Japan). The equation for calculating digestibility was as follows: digestibility (%) = (1 -((Nf × Cd)/(Nd × Cf))) × 100, where Nf = nutrient concentration in feces (% DM), Nd = nutrient concentration in diet (% DM), Cf = chromium concentration in feces (% DM), and Cd = chromium concentration in diet (% DM).
Cecal Microflora Population
One gram of cecal sample was blended with 9 mL of sterile peptone water and mixed for 1 min on a vortex stirrer. Viable counts of bacteria in the cecal samples were conducted by plating serial 10-fold dilutions (10 −1 to 10 −8 ) onto Lactobacilli MRS agar (Difco Laboratories, Detroit, MI, USA) plates and MacConkey agar (Difco Laboratories, Detroit, MI, USA) plates to isolate Lactobacillus spp. and coliform bacteria, respectively. The lactobacilli agar plates were then incubated for 48 h at 37
• C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37
• C under aerobic conditions. After the incubation periods, colonies of the respective bacteria were counted and expressed as the logarithm of colony-forming units per gram (log 10 CFU/g).
Excreta Noxious Gas Emission
During the last 3 d of the experiment, fresh excreta samples were collected from each replication for analyzing ammonia, hydrogen sulfide, and total mercaptan. The excreta samples were kept in 3 L sealed plastic containers for 5 d at room temperature (24 • C). After the fermentation period, a Gastec (model GV-100) gas sampling pump was utilized for gas detection (Gastec Corp., Tokyo, Japan). Concentrations of ammonia, hydrogen sulfide, and total mercaptan were measured within the scope of 5.0 to 100.0 (No. 3La, detector tube; Gastec Corp.), 2.0 to 20.0 (No. 4LK, detector tube; Gastec Corp.), and 0.5 to 120.0 (No.70 and 70-L, detector tubes; Gastec Corp.) ppm. The adhesive plaster was punctured, and 100 mL of headspace air was sampled at approximately 3 cm above the excreta. 
Breast Meat Quality and Relative Organ Weight
Color values of breast meat were measured in 3 replicates using a Minolta colorimeter (CR-300, Tokyo, Japan) calibrated with a standard white plate and recorded as L * , a * , and b * values for lightness, redness, and yellowness, respectively. The pH values of raw breast meat were measured using a pH meter (NWK Binar pH, K-21, Landsberg, Germany) after blending 10 g of finely homogenized sample with 90 mL of double-distilled water. To estimate the cooking loss, raw meat samples were packed into Cryovac Cook-In Bags after weighing, and cooked in a water bath at 100
• C for 30 min. Samples were cooled at room temperature for 1 h and reweighed. Cooking loss was calculated as the weight difference between the initial raw and final cooked samples. Water-holding capacity (WHC) was determined following the method of Kristensen and Purslow et al. (2001) . Five grams of meat sample was heated to 70
• C in a water bath for 30 min. Samples were then cooled with ice and subsequently centrifuged at 4
• C at 1,000 × g for 10 min. WHC (%) was calculated as the ratio of weight loss of the sample during centrifugation, to that of the original liquid. Drip loss (%) was measured for 3 cm × 3 cm cuts of breast meat, which were weighed, hung in a zipper bag, and stored at 4
• C. After storage, moisture on the surface of the meat slices was carefully removed and weighed at d 1, 3, 5, and 7 after the sample was taken. The initial and final weight of each sample was used to calculate drip loss.
The liver, spleen, bursa of Fabricius, breast meat, abdominal fat, and gizzard were removed and weighed.
Organ weights, breast meat, and abdominal fat were expressed as a percentage of live BW.
Statistical Analysis
All data were statistically analyzed using the GLM procedure in SAS program (SAS Institute Inc., Cary, NC). Polynomial contrasts were used to determine linear, quadratic, cubic, and quartic effects of increasing Spirulina levels on all measurements. Cage was used as an experimental unit for growth performance, nutrient digestibility, and excreta noxious gas. The individual bird was used as the experimental unit for blood oxidant enzyme, cecal microflora, and meat quality measurements. Alpha was set at 0.05.
RESULTS

Growth Performance
Dietary Spirulina supplementation linearly increased for BWG during d 8 to 21, 22 to 35, and overall d 1 to 35, as the inclusion rate increased from 0 to 1.0% (P < 0.05) ( Table 3) . Increasing dietary supplementation of Spirulina had a positive linear effect on the FCR during d 8 to 21 and overall (P < 0.05). The EPEI was linearly increased associated with the inclusion of graded levels of Spirulina in the diets. No treatment effects were observed on FI and mortality throughout all the phases of feeding. 
Antioxidant Enzyme Activity
Antioxidant enzyme activity of Spirulina was evaluated by analyzing serum SOD and GPx, and a linear increase in these enzymes was observed with increasing dietary levels of Spirulina (P < 0.0016 and P < 0.0001) ( Table 4) .
Apparent Total Tract Digestibility
The apparent total tract digestibility of dry matter and nitrogen linearly increased in broiler chickens fed diets supplemented with 0 to 1.0% Spirulina (P < 0.05) ( Table 5 ).
Cecal Microbial Count
There was no significant difference in coliform bacteria counts of broiler chickens fed with different levels of Spirulina. However, Lactobacillus counts were significantly increased linearly as dietary Spirulina supplementation increased (P < 0.05) ( Table 6 ).
Excreta Noxious Gas Emissions
Excreta ammonia emissions decreased as dietary Spirulina supplementation increased (linear, P < 0.05) (Table 7) . However, Spirulina supplementation did not affect total mercaptan or hydrogen sulfide emissions.
Meat Quality and Organ Weight
There were no significant differences in pH, color (L * , a * , b * ), cooking loss, or WHC of breast meat among the 5 treatment groups (P > 0.05) (Table 8 ). However, drip loss at 7 d post slaughter was significantly different among the 5 groups. Birds fed with Spirulina showed significantly lower drip loss as dietary levels of Spirulina increased (linear, P < 0.05). Relative weights of most organs (liver, spleen, gizzard, and bursa of Fabricius), 
DISCUSSION
This study found that broiler chickens fed diets supplemented with Spirulina increased growth performance. The mechanism of action of Spirulina has not been clearly established, but previous studies have reported that dietary supplementation with Spirulina has positive effects on growth performance in poultry. Saxena et al. (1983) reported that White Leghorn chicks fed experimental diets containing 111 g/kg and 166 g/kg Spirulina had greater weight gains at 6 wks when Spirulina replaced groundnut cake. Venkataraman et al. (1994) reported that supplementation of 140 and 170 g/kg Spirulina, with no additional vitamins/minerals, could replace groundnut cake and fishmeal with no adverse effects on broiler performance. Raju et al. (2005) concluded that dietary inclusion of Spirulina at 0.05% can partially alleviate adverse effects of 300 ppm aflatoxin on growth rate and lymphoid organ weight of broiler chickens. It has also been reported that the amino acid pattern of Spirulina microalgae could be superior to the other vegetable feeds (e.g., soybean meal), and that they have a high amino acid digestibility (Alvarenga et al., 2011; Evans et al., 2015) . In addition, Spirulina contains physiologically active substances such as carotenoid pigments, phycocyanin, polyunsaturated fatty acid, vitamins, macroand micro-mineral elements, and many other chemical compounds (Becker, 2007; Eriksen, 2008; Maoka, 2011) . These compounds confirm potential antimicrobial, antioxidant, and anti-inflammatory biological properties, or act as immune enhancers (Rathore et al., 2004; Rasool et al., 2009; Uyisenga et al., 2010; Langers et al., 2012; Abdel-Daim et al., 2013; Shokri et al., 2014) . Therefore, the chemical composition and physiological functions of Spirulina seem to be involved in metabolism systems related to growth performance, and are likely to be the main cause of improvement of BWG, FCR, and EPEI in broiler chickens.
GPx and SOD are generally thought to act as enzymatic free radical scavengers in cells (Abdel-Wahhab and Aly, 2005) . In this study, GPx and SOD linearly increase in broiler chickens fed with Spirulina. Previous studies indicated that Spirulina contains antioxidants such as β-carotene, tocopherol, selenium, polypeptide pigment, or phenolic acids, some of which might contribute to antioxidant action together or with other various micronutrients (El-Desoky et al., 2013) . Specifically, Spirulina is a rich source of phycocyanin, an antioxidant biliprotein pigment, which is related to other potent antioxidants (Khan et al., 2005) . There is almost no information on antioxidant properties related to Spirulina in poultry, but there is some evidence of antioxidant activity from in vitro and several rat studies. Estrada et al. (2001) suggested that protean extracts of Spirulina had scavenging effects against hydroxyl radicals, with phycocyanin as the main component responsible for the antioxidant activity. Additionally, β-carotene and other carotenoids protect cells from oxidative stress by quenching singlet oxygen damage through a variety of mechanisms (Tinkler et al., 1994) . Another probable cause is that increased levels of blood SOD and GPx confirmed in Spirulina groups may be associated with phenolic compounds. Many phenolic compounds including salicylic, trans-cinnamic, synaptic, chlorogenic, quinic, and caffeic acids present in Spirulina may also be responsible for its antioxidant activity, individually or synergistically (Miranda et al., 1998) . Wu et al. (2005) suggested that Spirulina extract has stronger antioxidant capabilities than Chlorella, which is probably due to higher content of phenolic compounds (23.87 vs. 15.25 mg tannic acid equivalent/g of algae aqueous extract) and antioxidant capacity (ABTS assay: 19.74 vs. 4.60 μmol of Trolox equivalent/g of microalgae). Therefore, increased serum SOD and GPx concentrations in this study were likely due to chemical compounds such as phycocyanin, β-carotene, and phenolics in Spirulina, all relating to the antioxidant activities.
In this study, the apparent total tract digestibilities of dry matter and nitrogen linearly increased in broilers fed with Spirulina diets, indicating that higher digestibility could be achieved with higher concentrations of Spirulina. The digestibility of Spirulina is not well documented, and the available studies on assimilation by poultry have not provided conclusive results. However, Mabeau and Fleurence (1993) confirmed that marine microalgae showed a high rate of protein degradation proteolytic enzymes such as pepsin, pancreatin, and pronase. Evans et al. (2015) reported that young broilers (21-d-old) had higher apparent ileal digestibility of glutamic acid, proline, glycine, alanine, methionine, leucine, and lysine when fed 6 to 21% Spirulina supplemented diets compared with broilers fed control diets. Furbeyre et al. (2017) reported that the total tract digestibility in pigs receiving 1% Spirulina and 1% Chlorella was greater for gross energy and tended to be greater for dry matter, organic matter, and neutral detergent fiber compared with control pigs. They also found that villus height at the jejunum was greater in pigs fed with Spirulina and Chlorella compared with control pigs. Microalgae are generally regarded as a viable protein source, with essential amino acid (EAA) composition meeting the Food and Agriculture Organization requirements, and are often on par with other protein sources, such as soybean and egg (Bleakley and Hayes, 2017) . Increased digestibilities of dry matter and nitrogen in this study may be related to the high-quality protein containing balanced EAA. Therefore, the better digestibility of protein observed in Spirulina supplemented diets may be a result of better absorption, which enhanced growth in broiler chickens.
The cecum plays an important role in preventing colonization of pathogens, detoxifying harmful substances, recycling nitrogen, microbial synthesis of vitamins, degradation of some carbohydrates, and absorbing additional nutrients (Coates et al., 1968; Clench and Mathias, 1995; Jorgensen et al., 1996) . A previous study in broiler chickens also concluded that intestinal microbial-including cecum is highly associated with the production performance of broiler chickens (Jeong and Kim, 2014) . Therefore, cecal microbial populations were investigated to evaluate Spirulina supplementation in broiler chickens. This study indicated that broiler chickens fed a Spirulina supplemented diet led to higher cecal Lactobacillus concentration, but there was no difference in the number of coliform bacteria. Some studies suggest that microalgae have potential antibacterial, antiviral, and antifungal activities. In vitro, de Mule et al. (1996) observed that methanolic and aqueous extracts of Spirulina inhibited the growth of Candida albicans by 17.6%, whereas Lactococcus lactis was promoted by the extract, with growth increasing from 7.5 to 14.7%. Kaushik and Chauhan (2008) demonstrated that the extracts of Spirulina have shown antibacterial effects by inhibiting the growth of harmful microorganisms, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi, and Klebsiella pneumonia. The addition of dry Spirulina at 10 mg/mL into de Man, Rogosa, and Sharpe medium-promoted growth of Lactobacillus acidophilus by 186%, suggesting prebiotic potential of the microalgae (Bhowmik et al., 2009 ). Rania and Hala (2008) also suggested that Spirulina extract had antibacterial activities against E. coli because of the presence of alkaloids and lipopolysaccharides. In an in vivo study, feeding Chlorella microalgae resulted in increased Lactobacillus diversity in the crop or cecum or both of laying hens (Janczyk et al., 2009; Kang et al., 2013) . To date, relatively few studies have investigated the antimicrobial activity of microalgae, including Spirulina and their extracts in poultry. We hypothesized that Spirulina supplementation would maintain the beneficial microbial population, and subsequently explain the improved digestibility and growth performance in this study.
In regard to excreta noxious gas emission, the inclusion of Spirulina linearly reduced the excreta ammonia gas content as dietary levels of Spirulina increased. Excreta noxious gas emission of animals is associated with intestinal microflora, particularly harmful intestinal bacteria populations (Ferket et al., 2002) . A previous study also suggested that lower excreta noxious gas content occurs when the microflora in the gastrointestinal tract of broiler chickens is manipulated (Jeong and Kim, 2014) . Several other studies have also suggested that excreta noxious gas content is associated with nutrient digestibility (Yan et al., 2011; Jeong and Kim, 2014) , because the increased digestibility may allow less substrate for microbial fermentation in the large intestine, which consequently decreases excreta noxious gas content. In our study, the Spirulina supplemented diet led to a better balanced microflora in the cecum and higher nutrient digestibility than that by control diet. Therefore, we suggest that the reason for reduction in excreta ammonia gas content may be the result of increased nitrogen digestibility and Lactobacillus populations in broiler chicken ceca. There is currently a lack of useful information regarding Spirulina in poultry, and previously reported functions of Spirulina in other species cannot be directly compared. However, findings from the current study support previous research (Yan et al., 2012) showing that dietary Chlorella supplementation decreased excreta ammonia gas emission in growing pigs. Venkataraman et al. (1994) showed that color pigmentation of skin, breast, and thigh muscles was deeper in broilers when substituting groundnut protein or fish meal with Spirulina up to 170 or 140 g/kg. Toyomizu et al. (2001) found that including Spirulina in broiler feeds influenced both the yellowness and redness of broiler meat. They reported that the increase of yellowness with dietary Spirulina content may be reflected in the common yellow pigment related to the accumulation of zeaxanthin within the meat. However, unlike previous reports that Spirulina has an effect on meat color, this study showed no differences in breast meat color of broiler chickens fed with Spirulina. Additionally, there were no differences in pH, cooking loss, WHC, or organ weights of broiler chickens fed with Spirulina. Drip loss causes nutrients and moisture to escape, and negatively affects chewiness of meat. Spirulina-supplemented diets showed a significant reduction of drip loss after 7 d of storage. However, reasons for this decrease remain unknown. Lu et al. (2014) suggested that dietary addition of antioxidants was effective in improving growth, moderately restored whole body antioxidant capability, and reduced drip loss. Asghar et al. (1989) and Attia et al. (2016) indicated that antioxidants preserve the functionality of membranes, thus improving their role as semipermeable barriers against exudative loss. According to Cheah et al. (1995) , dietary antioxidant supplementation also prevents excessive drip loss from pale, soft, exudative muscle from stress-susceptible pigs. This action seems to result from decreased membrane phospholipase activity through higher antioxidant content of the tissue membranes, because drip loss occurs when phospholipids in the intracellular membrane are oxidized and the membrane becomes weak. In this study, decreased drip loss due to the inclusion of dietary Spirulina is, presumably, related to the delayed oxidation of the cell membrane. Improvement was probably due to the positive effect of bioactive compounds, including antioxidants of Spirulina, on the integrity of muscle fibers; thus, enhancing their capability to retain water (Dal Bosco et al., 2014) . The findings of our study support previous research, which determined that Spirulina could affect meat quality by decreasing the drip loss of Japanese quail meats (Cheong et al., 2016) . Further studies are needed to determine the mechanisms involved in the association between Spirulina and drip loss of meat.
In conclusion, supplementation with Spirulina improved BWG, FCR, and EPEI; increased antioxidant enzyme activity, dry matter and nitrogen digestibilities; increased cecal Lactobacillus populations; and decreased excreta ammonia gas emission in broiler chickens. For breast meat quality, Spirulina decreased drip loss after 7 d of storage. Therefore, Spirulina microalgae at 1.0% diet might provide a good alternative to improve broiler chicken production.
